Abstract The diagnosis of lymphoma in pregnant patients poses a therapeutic challenge necessitating consideration of the developing fetus without compromise of therapy with curative potential for the mother. The decision to initiate therapy during pregnancy is heavily influenced by fetal, maternal, and disease-related factors, of which the most influential are the trimester at diagnosis, the stage, and aggressiveness of the disease and the presence of life-threatening symptoms. Recent data suggest that deferral of therapy until after the first trimester is desirable if it is perceived that postponement of therapy will not compromise maternal outcome. For some patients, delay of therapy to the postpartum period is feasible.
Introduction
Cancer diagnosed during pregnancy poses a medical dilemma, requiring careful consideration of risks and benefits of therapy in regards to maternal and fetal outcomes. One of 1000 pregnancies in the U SA are affected by maternal cancer diagnosis [1] . Hematologic malignancies represent the second most common neoplasm diagnosed during pregnancy, after breast cancer, with Hodgkin lymphoma (HL) and nonHodgkin lymphoma (NHL) representing roughly 6 and 5% of cancers diagnosed during pregnancy, respectively [2, 3] . Given the infrequency of diagnosis, coupled with the heterogeneity of pathologic lymphoma subtypes, data regarding management and outcome are limited to case reports and retrospective cohort series. HL diagnosed outside of pregnancy has excellent outcomes [4] . Therefore, treatment strategies must strike a balance between administering curative therapy to the mother while limiting potential toxicity to the unborn fetus. These management and ethical challenges can be more arduous among patients with aggressive NHL, where treatment delay may be fatal in some cases. We review the current recommendations regarding diagnostic strategies, management, and outcomes of pregnant women diagnosed with lymphoma.
Diagnosis
Pathologic examination of lymph node biopsy specimen(s) should be performed to make the diagnosis of HL or NHL. Serum studies like erythrocyte sedimentation rate (ESR) or lactate dehydrogenase (LDH) that can be prognostic for patients with HL and NHL, respectively, should be interpreted with caution because elevation of these markers can occur due to gestation and not necessarily disease-related factors.
Imaging plays a crucial role in diagnosis, staging, and assessment of disease response to therapy. However, given the potential teratogenic, carcinogenic, and in some cases fatal consequences of radiologic modalities that utilize ionizing radiation, the decision regarding utilization of various imaging approaches should not be taken lightly.
Imaging of the pregnant patient for diagnosis and response assessment poses a challenge to the multi-disciplinary team. Magnetic resonance imaging (MRI) is regarded as the modality of choice for acquisition of cross-sectional imaging, as no studies to date have demonstrated adverse effects on the fetus from MRI (Fig. 1) [5] . Gadolinium, which has been shown to have teratogenic effects in animal models, is not recommended for use during pregnancy [6] . Iodine-based contrast should also be avoided during pregnancy. Computed tomography (CT), which employs ionizing radiation, is discouraged, although it is possible to reduce abdominopelvic dose with various techniques including abdominal shielding and lower dose protocols for image acquisition [7] .
The potential risks of fetal ionizing radiation exposure include risk of fetal death, induction of congenital malformations (including mental retardation) as well as carcinogenic potential for the unborn fetus [5] . There is no dose of ionizing radiation that is considered safe for a developing fetus, however at radiation exposures of less than 5 cGy, the fetus has a low risk of significant developmental abnormalities [8, 9] . Therefore any diagnostic study that is being considered in a pregnant patient should administer doses of less than 5 cGy to the fetus. Given these risks, there is concern regarding the use of CT as well as 18 F-fluorodeoxyglucose positron emission tomography (18F-FDG PET) imaging. In certain clinical scenarios however, the perceived diagnostic value of the study for the mother exceed potential risks to the fetus. Therefore, each case should be considered on a case by case basis with input from the radiologist regarding the probable dose of radiation exposure to the fetus and associated predicted risks.
Therapy
Management of lymphoma during pregnancy should be conducted with a multi-disciplinary approach. A specialized maternal fetal medicine specialist should be an integral part of the management team. Input from a medical ethicist may also be appropriate in certain circumstances.
Fetal outcomes are largely influenced by the timing of therapy with regards to gestational age [10] . The vulnerability of the fetus at various periods throughout pregnancy are reflected in the events occurring in fetal development. Early gestation, also known as the preimplantation period that occurs up to 2 weeks after conception, is often referred to as the "all or nothing" stage because insults during this time result either in embryonic demise or normal development. In this period, the embryo has heightened radiation sensitivity that can be lethal, at reported threshold doses of 10 cGy [8] . Weeks 2-8 post conception represent the embryonic period (also known as organogenesis) when teratogenic potential is greatest due to critical organ development. In the last period, the fetal phase, from the end of embryonic stage to delivery, organ maturation and growth occurs. Teratogen exposure during this last phase is more likely to result in reduced fetal growth as opposed to structural abnormalities.
Classical HL (cHL), which is highly curable in nonpregnant patients, represents the most common lymphoma subtype diagnosed during pregnancy [2] . The management of cHL therapy during pregnancy is most impacted by gestational age. The decision to deliver antenatal therapy is heavily influenced by the stage of development of the fetus as well as the extent of disease present in the mother which will influence outcome if the decision is made to defer therapy. In general, initiation of treatment during the first trimester is avoided secondary to concerns of deleterious embryonic effects [11] [12] [13] [14] . With close surveillance of slowly progressive cHL diagnosed during the first trimester, many patients can defer treatment until the 2nd trimester. Similarly for pregnant women diagnosed with indolent NHL, treatment can often be delayed, in many cases to the postpartum period. Patients with aggressive NHL as well as cHL patients with extensive disease burden pose an increased therapeutic challenge, especially when the diagnosis is made early in the pregnancy when systemic therapy would be expected to pose a serious threat to the developing fetus but significant delay of therapy could have fatal consequences for the mother [15] .
In the largest multicenter retrospective study of 90 patients with lymphoma (40 HL and 50 NHL), the authors observed that standard non-antimetabolite multi-agent chemotherapy administered in the 2nd and 3rd trimester resulted in expected maternal outcomes without increases in severe adverse fetal or perinatal events (Table 1 ) [13] . In this study by Evens et al., 6 patients elected to terminate pregnancy in order to facilitate immediate systemic therapy in the first trimester (n = 5) or early 2nd trimester (n = 1). Twenty-eight patients diagnosed with lymphoma at a median of 30 weeks gestation deferred therapy until the postpartum period, while 56 women received antenatal treatment for lymphoma diagnosed at a median of 22 weeks. Among the 56 pregnant women who received chemotherapy, 66% (n = 37) were treated in the 2nd trimester. The overall response rate (ORR) was 82% and the complete response rate was 64%. No patient received antenatal therapy during the first trimester. Interestingly, there were no differences in preterm or perinatal complications among women that received antenatal therapy compared to those where treatment was deferred. In addition, there were no statistically significant differences in treatment outcome based on administration of antenatal therapy versus deferral of treatment until the postpartum setting. For patients with HL, the 3-year progression free survival (PFS) and overall survival (OS) was 85 and 97%, respectively. Patients with NHL had 3 year PFS and OS rates of 53 and 82%. The rate of miscarriage was low at 1.1%.
Another recent retrospective series examined a cohort of 39 pregnant women diagnosed with lymphoma, 31 with HL and 8 with NHL at MDACC [14] . Three patients underwent elective termination at diagnosis to facilitate emergent systemic therapy. Of the remaining 36 patients, 24 received therapy during pregnancy and 12 deferred treatment with no significant difference in maternal outcome according to receipt of antenatal therapy. While there was no statistically significant difference in the rate of miscarriage among patients that did and did not receive therapy during pregnancy, 4 of 24 patients who received antenatal therapy experienced a miscarriage compared to 0 of 12 patients who had treatment delayed until after delivery (p = 0.3). The overall miscarriage rate in this study was 10% with 2 of 4 spontaneous fetal losses occurring among women treated with systemic therapy during the first trimester. This underscores the importance of delaying therapy until the 2nd trimester if it is clinically appropriate for the patient versus having very difficult discussions about potential termination of pregnancy if treatment deferral to 2nd trimester NHL non-Hodgkin lymphoma, HL Hodgkin lymphoma, PFS progression-free survival, OS overall survival, RT radiation therapy would result in very high risks of poor maternal outcomes as related to disease progression.
Radiation Therapy
The role of radiation therapy (RT) for non-pregnant lymphoma patients continues to evolve. The current approach with combined modality therapy for the non-pregnant patient involves consolidation RT after chemotherapy to improve local control and event-free survival or for the palliation of symptomatic and often bulky masses [4, 17, 18] . Historical data has shown that RT can be delivered to pregnant patients with limited doses to the fetus when administering supradiaphragmatic radiation with abdominopelvic shielding [19] [20] [21] . Woo et al. reported on the outcomes of 16 patients that received mediastinal radiation during pregnancy with doses estimated to the mid fetus of 1.5 to 13.6 cGy. With a range of follow-up of 1 to 31 years, no malformations on malignancies were detected in the children born to the patients in the study. In both the Evens et al. and Pinnix et al. studies, a few patients were treated with antenatal RT. In the multicenter study by Evens et al., RT was given to 9 patients, mainly for supra-diaphragmatic lymphoma to doses of 25-30 Gy. Interestingly among the NHL cohort, patients that received antenatal RT had significantly inferior 3-year PFS of 0% (n = 5) compared to patients that did not receive RT (65%, n = 43, p = 0.001). In the MDACC study, 4 patients received antenatal RT but it was not associated with inferior PFS (p = 0.3) or OS (p = 0.24).
Given the efficacy of systemic therapy, we do not advise routine utilization of RT during pregnancy. As combined modality therapy and not radiation alone is the standard of care for many lymphomas, there is no strong rationale for the pursuit of radiation as monotherapy during pregnancy [4] . Furthermore, even if the doses can be reduced via modern shielding methods, uncertainly exists regarding the longterm effects on the fetus, most notably secondary childhood leukemias [10] . Given these considerations, we strongly recommend deferring RT until after delivery. When deemed to be critical for the mother, however, (superior vena cava syndrome or spinal cord compression) RT can be considered with extreme caution and diligence in shielding to reduce RT fetal exposures to as low as possible.
Targeted Therapy
The chimeric monoclonal antibody targeting CD20, rituximab, is indicated for many B cell hematologic malignancies. It is not approved for use during pregnancy, though use of rituximab during pregnancy has been identified in 231 cases in the rituximab global safety database [22] . Few congenital malformations were appreciated among 90 cases with known outcomes that resulted in live births. Four neonatal infections were reported. First trimester miscarriage did occur in 21% of women, which is higher than the rates of early pregnancy loss in the general population. It is important to note, however, that the study population included women that received rituximab for many other indications distinct from lymphoma, including rheumatoid arthritis, systemic lupus erythematosus, and autoimmune hemolytic anemia. This population of patients with autoimmune disease likely have baseline elevated risks during pregnancy due to disease-related factors as well as receipt of other potentially teratogenic medications. While rituximab is not approved for use during pregnancy, there are case reports of successful treatment of lymphoma with rituximab in pregnant patients with good fetal outcomes and thus, the lack of formal approval needs to weighed against the potential benefit particularly for aggressive B cell NHLs [23, 24] . For newer targeted therapies including brentuximab vedotin and others, administration during pregnancy is not recommended given lack of fetus safety data for this therapy available to date.
Pediatric Outcomes
It has been consistently demonstrated that preterm delivery, as opposed to fetal chemotherapy exposure, is the greatest predictor of neurocognitive deficiency [3, 11, 25 •• ] of children born to mothers that received cancer therapy during pregnancy. Amant and co-authors performed a large multi-center casecontrolled study of 129 children born to mothers diagnosed with cancer during pregnancy matched to a control cohort group of children of mothers without cancer [3] . Inferior cognitive outcome was associated with premature gestational age at birth and was independent of cancer therapy administered during pregnancy. In this study, 16% of children in the study cohort were born to mothers diagnosed with a hematologic malignancy (NHL, n = 6, 4.8%; HL, n = 8, 6.4%). Chemotherapy exposure occurred in 74.4% of children in the cohort (n = 96) and 8.5% were exposed to radiation therapy (n = 11). It should be noted that all chemotherapy was given in the second or third trimester which likely contributed to the good fetal outcomes.
In a recent Swedish nationwide cohort study of women diagnosed with cancer during (n = 984 births) or shortly after pregnancy (n = 2723 births) between 1973 and 2012, maternal cancer diagnosed during pregnancy was associated with increased risk for stillbirth, preterm birth, and neonatal mortality [26] . This study included women diagnosed with many different types of cancers, including hematopoietic cancers in 7.6% of those diagnosed during pregnancy and 9.4% of those diagnosed shortly after pregnancy. Interestingly, the authors demonstrated that the increased risk of preterm birth among children born to mothers with cancer was mainly due to iatrogenic preterm birth, not spontaneous. Furthermore, the elevated risk of neonatal mortality in this study was primarily secondary to preterm birth, which explained 89% of the increased risk. This underscores the importance of decision making regarding the timing of delivery, as shortened gestation has potential adverse consequences for the fetus.
Pregnancy After Lymphoma
After completion of therapy for lymphoma, there are concerns from female patients and oncologists that pregnancy may increase the risk of relapse. In a recent Swedish healthcare registry study, pregnancy associated relapse was evaluated among 449 women treated for HL between 1992 and 2009 [27] . Among this cohort, 32% of women became pregnant in the follow-up period (n = 144). Relapses occurred in 47 women, but only one patient was diagnosed with relapse in the setting of pregnancy. The authors did not identify an increased risk of relapse among their cohort of patients treated for HL that became pregnant in the follow-up period. They did identify that the greatest risk of relapse in this patient population overall was within the first 2-3 years after diagnosis and therefore, it is suggested that if possible women delay pregnancy until after the first 2 years of therapy completion.
Newer technology with noninvasive prenatal testing (NIPT) that utilizes genome sequencing of cell-free fetal DNA that is present in maternal plasma, may be helpful for diagnosis of cancer in asymptomatic pregnant patients. A study published in JAMA Oncology in 2015 reported outcomes of NIPT performed prospectively in 4000 pregnancies. NIPT led to the diagnosis of cancer in 3 women with genome profiles identified that were distinct from the fetus and the mother [28] . Neoplasm was suspected in these three patients and ultimately MRI and biopsy confirmed the diagnosis of ovarian cancer, follicular lymphoma and HL. This technology could have implications for early detection of tumors in women contemplating pregnancy in the post therapy period.
Conclusions
The decision to initiate therapy during pregnancy is heavily influenced by the fetal, maternal, and disease-related factors, of which the most influential are the trimester at diagnosis, the stage, and aggressiveness of the disease and the presence of life threatening symptoms. Deferral of therapy until after delivery is often feasible for women diagnosed with lymphoma during the 3rd trimester and can be contemplated for women diagnosed during the second trimester, if it is perceived that delay of therapy will not compromise the maternal outcome. Based on recent data we conclude that 1) Multi-agent (non-antimetabolite) systemic therapy administered beyond the first trimester appears safe for the mother and fetus with expected maternal disease control and fetal developmental and cognitive outcomes. 2) Premature gestational age at the time of delivery and not antenatal chemotherapy exposure is the strongest predictor of inferior outcomes for children born to mothers diagnosed with cancer during pregnancy. This likely only applies to mothers treated after completion of the first trimester. Efforts to delay delivery are important if this will not have a perceived adverse effect on maternal outcome. 3) Multi-disciplinary management is essential with consistent care provided by a maternal fetal medicine specialist.
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